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ABSTRACT 16 
Hydraulic fracturing (HF) has emerged as a major method of unconventional oil and gas 17 
recovery. The toxicity of hydraulic fracturing flowback and produced water (HF-FPW) has not 18 
been previously reported and is complicated by the combined complexity of organic and 19 
inorganic constituents in HF fluids and deep formation water. In this study, we characterized the 20 
solids, salts, and organic signatures in an HF-FPW sample from the Duvernay Formation, 21 
Alberta, Canada.  Untargeted HPLC-Orbitrap revealed numerous unknown dissolved polar 22 
organics. Among the most prominent peaks, a substituted tri-phenyl phosphate was identified 23 
which is likely an oxidation product of a common polymer antioxidant.  Acute toxicity of 24 
zebrafish embryo was attributable to high salinity and organic contaminants in HF-FPW with 25 
LC50 values ranging from 0.6% to 3.9%, depending on the HF-FPW fractions and embryo 26 
developmental stages. Induction of ethoxyresorufin-O-deethylase (EROD) activity was detected, 27 
due in part to polycyclic aromatic hydrocarbons (PAHs), and suspended solids might have a 28 
synergistic effect on EROD induction. This study demonstrates that toxicological profiling of 29 
real HF-FPW sample presents great challenges for assessing the potential risks and impacts 30 
posed by HF-FPW spills.  31 
 32 
Keywords: Hydraulic fracturing, Flowback water, Aryl phosphate esters, PAH, Aquatic 33 




1. Introduction 37 
The combination of horizontal drilling and high-volume hydraulic fracturing (HF) has emerged 38 
recently as a major method of recovering oil and gas from tight reservoirs (Osborn et al., 2011). 39 
Despite its promise in resource recovery, there are environmental concerns surrounding the HF 40 
process (Goss, 2015; Alessi et al., 2016). Considerable attention has been given to contamination 41 
of shallow groundwater with natural gas from deep reservoirs following fracturing (Osborn et al., 42 
2011; Jackson et al., 2013; Darrah et al., 2014; Llewellyn et al., 2015). A recent review 43 
documented the potential impacts to underground sources of drinking water and domestic wells 44 
as a result of the hydraulic fracturing process itself (DuGiulio and Jackson, 2016). However, 45 
risks posed by surface release of hydraulic fracturing flowback and produced waters (HF-FPWs), 46 
which result from the interaction of fracturing fluids with the target formation and that return to 47 
the surface following fracturing, are less evaluated (Sang et al., 2014; Drollette et al., 2015). HF-48 
FPWs are often briny and may contain heavy metals, radionuclides and numerous organic 49 
constituents (Colborn et al., 2011; Drollette et al., 2015; Llewellyn et al., 2015; DuGiulio and 50 
Jackson, 2016).  Because of their complexity, it is challenging to accurately identify the chemical 51 
profiles and potential for adverse biological impacts posed by these fluids.  52 
The highest risk of HF-FPW exposure to aquatic organisms is surface spills that may 53 
occur during transport to disposal or treatment sites. Contamination of surface water and shallow 54 
groundwater following spills of HF-FPW in certain regions is well documented with more than 55 
2500 spills of HF-FPW being documented in the period 2011-2014 in Alberta alone (Goss, 2015; 56 
AER, 2016; Alessi et al; 2016) and this can provide a baseline for exposure assessment. 57 
However, to properly assess risk, having an a priori understanding of the biological effects of 58 
these fluids to aquatic organisms is necessary for both risk management and in helping to define 59 
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necessary remediation strategies following surface spills. To date, the identification of biological 60 
impacts following a HF-FPW spill to aquatic animals, and ultimately to human health, have not 61 
been assessed (Harkness et al., 2015).  62 
Assessing the organic, inorganic and toxicological signatures of saline hydrocarbon 63 
contaminated waters poses significant analytical challenges.  Recent analogous successes include 64 
assessing oil sand process water (Martin et al., 2008,2010; Rowland et al., 2011; He et al., 65 
2012a,b), and the complex environmental mixtures resulting from the Deep Horizon oil spill 66 
(Allan et al., 2012; Incardona et al., 2014). Various organic contaminants including polycyclic 67 
aromatic hydrocarbons (PAHs), naphthenic acids, and endocrine disruptive chemicals have been 68 
detected in these samples (Martin et al., 2008; Kelly et al., 2009; Rowland et al., 2011; Allen et 69 
al., 2012). For HF-FPW, additional complexity arises from the variable co-return of the original 70 
additives in the fracturing fluid itself mixing with salts and/or saline interstitial fluids during the 71 
fracturing of the target formation (AER, 2016; Alessi et al., 2016). A recent study reported on the 72 
discharge or spilling of wastewater from unconventional shale gas and hydraulic fracturing, 73 
which may contain high concentrations of bromide, iodide, ammonium and naturally occurring 74 
radioactive materials derived from the deep formation (Vengosh et al., 2014).  Characterization 75 
of a flowback water sample from Colorado demonstrated a highly complex profile of salts, 76 
metals, and dissolved organic matters (Lester et al., 2015).  It was suggested HF fluids and 77 
wastewater may have endocrine disruptive activity based on the systematic evaluation of 78 
chemicals used in HF fluids (Elliott et al., 2016). While several reviews have documented the 79 
biological impacts and potential health risk of the chemicals placed down-hole during the 80 
fracturing process (Stringfellow et al., 2014; Kahrilas  et al., 2015; AER, 2016), there is almost 81 
no information regarding the complexity of the chemistry and toxicity of actual HF-FPW 82 
 5 
samples including the identity of suspended solids, signature of the returning organics, the 83 
naturally-occurring hydrocarbons present in HF-FPW, and the resulting products of down-hole 84 
chemical reactions that may be occurring. Similarly, there is no information on the potential 85 
toxicological impacts of HF-FPW spills on freshwater organisms.  86 
Here we present our study characterizing the complex solids, inorganics, organics and 87 
toxicity signatures of a real HF-FPW sample from Duvernay Formation, Alberta, Canada. After 88 
characterizing the solid phase and the solution chemistry of the HF-FPW sample, its acute 89 
toxicity was assessed using the zebrafish embryo exposure model.  Exposure to both the raw HF-90 
FPW field sample, which contained suspended solids, as well as a solids-free HF-FPW sample, 91 
were conducted to investigate the differential effects of suspended solids on the lethal and sub-92 
lethal toxicity to zebrafish embryo. The objective of this study is to demonstrate the complexity 93 
of a real HF-FPW sample by characterizing its organic and inorganic chemistry and assessing in 94 
parallel its potential for toxicological effects on aquatic organisms, allowing for eventual linking 95 
of those effects to HF-FPW chemistry. 96 
 97 
2. Materials and methods 98 
2.1. HF-FPW samples 99 
A day 7 post-stimulation HF-FPW sample was derived from the hydraulic fracturing of the 100 
Upper Devonian-aged Duvernay Formation, a heterogeneous marine deposit comprised of 101 
siliceous and argillaceous mudstones, and limestones (Dunn et al., 2012).  The gas well was 102 
drilled by the Encana Corporation in early 2014 near Fox Creek, AB, to a true vertical depth 103 
(TVD) of 3,200 m and a measured depth (MD) of 5,650 m, yielding a >2 km horizontal section 104 
that was fractured in 19 stages.  Following fracturing, the well flowed back from late May to 105 
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early June 2014.  The temperature of the FPW sample upon reaching the separator was 106 
approximately 60C, and the well produces approximately 74% C1, 14% C2, 5% C3, and 107 
between 0.5-2.0% C4 – C7 hydrocarbons.  Hydrogen sulfide in the produced gas is below 108 
detection limits (<0.01%).  The high salinity of the FPW sample examined here (see below) is 109 
consistent with studies that show the Upper Devonian in the region of study commonly have 110 
total dissolved solids (TDS) exceeding 200 g/L (Anfort et al., 2001).  111 
In the experiments conducted, HF-FPW-S or S (sediment) refers to the HF-FPW sample 112 
as received, containing the suspended particle load.  To generate a sediment-free sample (HF-113 
FPW-SF or SF), a 1 L sub-sample of HF-FPW-S was centrifuged and filtered through a 0.22 μm 114 
membrane.  To generate an activated-charcoal treated sample (HF-FPW-AC or AC), another 1 L 115 
sub-sample of HF-FPW-S was mixed and stirred with activated charcoal (5g/L) overnight and 116 
filtered through a 0.22 μm membrane.  All samples were stored in the dark at room temperature 117 
prior to use.  118 
 119 
2.2. Inorganic analysis 120 
The sample HF-FPW was analyzed for its dissolved inorganic constituents and to characterize its 121 
associated solids. The pH of the sample as received was measured using Mettler Toledo Easy 122 
Five dual pH meter. 123 
The total dissolved solids (TDS) of the HF-FPW sample was directly determined by 124 
dehydrating a 100 ml aliquot of HF-FPW, which was previously passed through a 0.45 µm nylon 125 
membrane to remove suspended solids. Subsequently the filtrate was placed in an oven at 80° C 126 
until all visible liquid had evaporated (approximately 3 days). The sample was further dried to 127 
dehydrate the residual salts at 250° C for 8 hours and the final weight measured once the weight 128 
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had stabilized. Suspended solids (SS) and total solids (TS) were determined as the mass of solids 129 
captured through vacuum filtration on a 0.45 µm acetonitrile  cellulose nitrate filter. The SS 130 
sample was prepared from a portion the HF-FPW sample which had been allowed to settle for a 131 
minimum of 5 days. The TS sample was prepared from a portion of the HF-FPW sample which 132 
had been vigorously agitated. Filters were rinsed thoroughly with 18MΩ ultrapure water and 133 
then allowed to air dry for 7 days. Ion Chromatography, total organic carbon, total nitrogen and 134 
Inductively Coupled Plasma-Double Mass Spectrometry (ICP-MS/MS) were also performed for 135 
elemental analyses. Details are provided in the SI section. 136 
 137 
2.3. Scanning Electron Microscopy 138 
To conduct scanning electron microscopy (SEM), HF-FPW sediments and solids were collected 139 
by passing the sample of HF-FPW through a 0.45 µm cellulose nitrateacetonitrile filter. The 140 
sediment was then rinsed while on the filter with 18MΩ ultrapure water to remove any residual 141 
brine and to prevent salt precipitation within the sample, covered, and air dried. The samples 142 
were then mounted adhesive carbon tape on aluminum SEM tabs (Ted Pella, Inc., Redding, CA), 143 
which were then carbon coated using a Nanotek SEMprep 2 sputter coater. Imaging was 144 
performed using a Zeiss EVO LS15 SEM with a LaB6 crystal and equipped with a Bruker 145 
silicon drift detector for energy dispersive X-ray analysis (EDX) with a peak resolution of 125 146 
eV and a resolution of 100 nm. SEM analyses were performed on the TS fraction of the HF-FPW 147 
sample.  148 
 149 
2.4. Untargeted analysis by HPLC-Orbitrap-MS 150 
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Flowback sample (2 mL) was added to an Eppendorf tube and centrifuged to remove suspended 151 
solids. The liquid phase was transferred to a 2 mL glass vial for analysis. The HPLC separation 152 
was performed using an ARIA MX transcend system (Thermo Fisher Scientific, San Jose, CA, 153 
USA) on a Hypersil Gold column (50 x 2.1 mm, 1.9 µm particle size; Thermo Fisher Scientific, 154 
San Jose, CA, USA) at 40C.  The flow rate was 0.5 mL/min and an injection volume of 20 µL 155 
was used. The mobile phases consisted of (A) 20 mM ammonium acetate in water and (B) 100% 156 
methanol. The mobile phase composition was 5% B for 2 min, followed by a linear gradient 157 
ramp to 90% B at 22 min, to 100% B over 10 min, and returning to 5% B in 2 min, followed by a 158 
4 min hold prior to the next injection. A diversion valve directed the first 7 min of eluant to 159 
waste to protect the mass spectrometer from salts. 160 
The Orbitrap Elite mass spectrometer (Thermo Fisher Scientific, San Jose, CA, USA) 161 
was operated in electrospray ionization (ESI) mode at 350°C and 5 KV. The sheath, auxiliary, 162 
and sweep gas (nitrogen) flow were set to 40, 5 and 2 (arbitrary units), respectively, capillary 163 
temperature at 300 °C, and S-Lens RF at 65%. The mass spectral resolving power was set to a 164 
nominal value of 120,000 at full width half-maximum at m/z 400, and using a full maximum ion 165 
time of 200 ms. MS/MS experiments were performed by collision-induced dissociation (CID) 166 
with a normalized collision energy of 35 eV, and by higher-energy collision dissociation (HCD) 167 
with collision energy of 35 eV, 50 eV and 80 eV. 168 
 169 
2.5. PAHs Analysis  170 
FPW samples (500 mL) were analyzed for polycyclic aromatic compounds directly, and after 171 
centrifugation (2500 g for 15 min). Analytes included parent PAHs, dibenzothiophene (DBT), 172 
and various alkyl-PAHs. An internal standard mixture (10 ng of each) was spiked into each 173 
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sample, followed by sequential liquid-liquid extraction with dichloromethane (2 x 50 mL). The 174 
dichloromethane extracts were combined (100 mL) and concentrated to 1 mL by nitrogen gas 175 
evaporation. Precleaned copper powder and anhydrous sodium sulfate were vortexed with the 176 
extracts, which were then taken up in 5 mL hexane and reconstituted to 1 mL. Silica solid phase 177 
extraction cartridges (Waters, 1g/6cc) were used for cleanup. These were pre-conditioned with 5 178 
mL hexane, extracts were loaded, washed with 4 mL hexane. PAHs were eluted with 5 mL of 179 
hexane/dichloromethane 4:1 (v/v), concentrated to 0.2 mL, taken up in 3 mL hexane and 180 
concentrated to 200 μL which was transferred to vials with glass inserts. These vials were 181 
centrifuged and 50 μL of supernatant was transferred into new glass inserts for GC-MS analysis. 182 
GC-MS analysis was by splitless injection (1 μL) and chromatographic separation was 183 
performed on DB-5ms (Agilent; 20 m × 0.18 mm × 0.18μm) with a helium flow of 1.8 mL/min. 184 
Targeted analytes were analyzed in single ion monitoring (SIM) mode, and concentrations were 185 
determined by relative response to an internal standard. 186 
 187 
2.6. Acute embryo toxicity test 188 
Zebrafish embryos were obtained from breeding of matured fish, cultured under standardized 189 
conditions in the aquatic facility in the Department of Biological Sciences, University of Alberta.  190 
Exposure was conducted in static conditions, in 250 mL glass beakers containing 150 mL of 191 
exposure solution at 25±1 °C under 16h/8h light/dark cycle.  The dilution water was moderately 192 
hard water (USEPA, 2005), and details of preparation are provided in SI. For the exposure using 193 
1 hour post fertilization (hpf) embryos, 30 fertilized embryos were randomly selected and placed 194 
into each exposure beaker.  Nine dilutions of HF-FPW-S and HF-FPW-SF were tested, 195 
respectively; including 0 (control), 0.04%, 0.08%, 0.16%, 0.31%, 0.63%, 1.25%, 2.5%, and 5%.  196 
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The exposure period was 1 to 96 hpf.  For the exposure using 24 hpf embryos, 30 fertilized 197 
embryos were randomly selected and placed into each exposure beaker.  Seven dilutions of HF-198 
FPW-S and HF-FPW-SF were tested, respectively; including 0 (control), 0.63%, 1.25, 2.5%, 5%, 199 
10%, and 15%.  The exposure time was 24 to 96 hpf.  Seven dilutions of HF-FPW-AC were also 200 
tested using 24 hpf embryos exposed from 24 to 96 hpf as salt control.  All HF-FPWs samples 201 
were diluted with water prior to exposure.  During the exposures, any dead embryos observed 202 
were removed immediately.  All the exposures were repeated for 6 replications (n=6).  At the end 203 
of exposure, the mortality rate of embryos and LC50 values were calculated using Toxicity 204 
Relationship Analysis Program (TRAP v1.22). 205 
 206 
2.7. Embryonic EROD assay 207 
The exposure settings for EROD assay using zebrafish embryo were similar to those for acute 208 
toxicity tests.  Thirty fertilized embryos were exposed from 24 to 96 hpf.  The standard curve of 209 
EROD activity was obtained by exposure to eight concentrations of Benzo(a)Pyrene (BaP), 210 
including 0 (control), 156, 313, 625, 1250, 2500, 5000, and 10,000 ng/L.  HF-FPW-AC, HF-211 
FPW-SF, and HF-FPW-S were tested in 1.25% and 2.5% dilutions.  A co-exposure experiment 212 
was designed to investigate the potential synergistic or additive effects of HF-FPWs on EROD 213 
induction by exposure of 0 (control), 10, 100, 250, 500, and 1,000 ng/L of BaP with and without 214 
1.25% of HF-FPW-AC, HF-FPW-SF, and HF-FPW-S. Embryonic EROD activity was measured 215 
at the end of exposure. At the end of exposure, hatched larvae were gently rinsed with dilution 216 
water and then placed into 24-well plate for 7-ethoxyresorufin (7-ER) treatment.  A total number 217 
of 20 live larvae were selected from each exposure beaker and randomly placed into 2 wells in 218 
the 24-well plate. Each well contained 10 larvae and 2 mL of 7-ER solutions.  7-ER powder was 219 
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first diluted in absolute ethanol as stock, and further diluted with dilution water (See SI) prior to 220 
use. The final concentration of 7-ER treatment solution was 2.5 μmol/L in the 24-well plate.  221 
After 8 hour of 7-ER treatment, 200 μL of 7-ER treatment solution was transferred into each well 222 
of a 96-well microplate for EROD measurement using a VICTOR3V 1420 Multilabel Counter 223 
(PerkinElmer, MS, USA).  Resorufin was detected at 595 nm with a 535 nm excitation 224 
wavelength. Four measurements (4 wells of 96-well plate, 200 μL of medium in each well) were 225 
taken and averaged as readings for a single treatment of 7-ER.  Two treatments of 7-ER (2 wells 226 
of 24 well-plate, 10 larvae in each well) were taken and averaged as readings for a single 227 
exposure. All the exposures were repeated 4 times (n=6). 228 
 229 
2.8. Statistical analyses 230 
The results of EROD activity induction in zebrafish embryos were expressed as fold change 231 
relative to the control group.  The relative equivalency of EROD activities were calculated based 232 
on the equation generated by BaP standard curves.  Statistical analyses were conducted using 233 
SPSS16.0 (SPSS, Chicago, IL). All data are expressed as mean ± standard error of mean (SEM).  234 
Normality of each data set was assessed by use of the Kolomogrov–Smirnov one-sample test, 235 
and homogeneity of variance was determined by use of Levene’s test.  Statistical differences 236 
were evaluated by one-way ANOVA followed by Tukey test (ρ<0.05).   237 
 238 
3. Results and discussions 239 
3.1. Inorganic analyses 240 
The results of physiochemical and elemental analyses are presented in Table 1. Briefly, the 7-day 241 
HF-FPW sample was weakly acidic (pH 4.78), due to the application of hydrogen chloride in 242 
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original fracturing fluid (Frac Focus, 2016) and this demonstrates that the sample was a mixture 243 
of applied HF fluid and formation water. The sample also has a total dissolved solids (TDS) load 244 
of 242,624 3mg/L (±0.5% over three replicates), (242 ‰, approximately 7X seawater).  The total 245 
organic carbon (TOC) and total nitrogen (TN) of the HF-FPW sample were measured to be 246 
0.087% and 0.21% of the total TDS, respectively. The TOC and TN measurements only 247 
quantified the dissolved and miscible organic carbon compounds, additionally organics maybe 248 
associated with solid phases or immiscible compounds. TOC measurements may reflect true the 249 
total TOC associated with the sample as a thinly film was observed on the surface of the bulk 250 
HF-FPW sample as delivered from the field. It is likely that the sampling probe was below the 251 
surface of this film and therefore missed an immiscible fraction of the TOC associated with the 252 
sample and could explain why N was more abundant in the measured concentrations. Ion 253 
chromatography (IC) was used to determine chloride (Cl-), bromide (Br-), and sulfate (SO4
2-) 254 
concentrations, and ICP-MS/MS was used to determine the concentration of 14 elements. The 255 
most abundant element was Cl- (56%, of the total TDS), followed by Na (28.8%), Ca (4.85%), 256 
and K (1.05%). ICP-MS/MS measurements were made using a standard addition method for 257 
each element, to account for the impacts of high salinity and resulting isobaric interferences 258 
unique to HF-FPW samples; the resulting solution charge balance is within < 1% (Table S2).    259 
Although there is certain amount of radionuclides and heavy metals detected in our sample, with 260 
the dilution applied in the toxicological study, the concentrations and predicted toxicity will be 261 
very limited compared to other HF samples (Lauer et al., 2016), therefore, the potential toxicity 262 
of radioactive compounds and heavy metals will not be discussed in this manuscript. 263 
 264 
3.2. Solids characterization 265 
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Suspended solids were present in the HF-FPW sample at a concentration of 22.549.1 mg/L 266 
(±5.0% over three replicates).  Scanning Electron Microscopy with Energy dispersive X-ray 267 
spectroscopy (SEM-EDX) was used to characterize the morphological features and size 268 
parameters of particles in the HF-FPW sample.  The most common of the identifiable particles 269 
were amorphous precipitates, and spheres or sphere fragments coated with morphologically 270 
similar precipitates and that were approximately 2-10 µm in diameter (Fig. 1). EDX was 271 
performed on several spots on individual spheres to measure their approximate elemental 272 
composition. The sphere exterior is composed primarily of carbon (64%, ±4.8), oxygen (33%, 273 
±1.9) iron (2%, ±0.006), silica (1%, ±0.001), and calcium (<1%) (Fig. 1A).   Examination of 274 
broken spheres showed them to be hollow and composed of a thin shell; EDX analysis of the 275 
interior of the sphere shows it is composed of mainly carbon (79.5%, ±7.4) and oxygen (19%, 276 
±0.8) with iron and silica making up less than a percent (± 0.003)(Fig. 1B). The strong carbon 277 
signal is likely dominated by the carbon used to coat the samples prior to analysis. The 278 
remaining elements (Fe, O and Si) are thought to makeup secondary precipitate composed of 279 
amorphous silica-doped iron oxide particles, which are found in clusters and as coatings on the 280 
hollow sphere structures. The decline in the Fe and Si signal on the interior verse the exterior of 281 
the spheres we interpret as indicating the silica doped iron oxides are a secondary that formed a 282 
coating on the exterior of spheres. The hollow spheres are themselves are a relic of a hydraulic 283 
fracturing fluid and were used as a delayed release delivery mechanism for an ammonium 284 
persulfate, which is used as a breaker. SEM-EDX analysis on additional types of particles is 285 
provided in SI.  Iron oxides and silicates are known to contain amphoteric surface functional 286 
groups, which can have electrostatic interactions with cationic and anionic compounds (Zachara 287 
and Smith, 1994). This implies that both metal cations and anions, and polar organic compounds 288 
Commented [sf1]: Would we want to provide the 
manufacturer or other information Encana provided about 
them? 
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could adsorb to the surface of both the amorphous iron oxides and silicates depending on the 289 
solution chemistry. Iron oxides are long-known to be able to remove significant concentrations 290 
of metals from aqueous solution (Zhang et al., 2008) and have been proposed as a means of 291 
removing metals from contaminated waters (Mayes et al., 2009). In addition, it has been reported 292 
PAHs can be bound and accumulate in colloids and suspended solids (Kalmykova et al., 2013). 293 
Micron to nanoscale iron particles have been demonstrated to have a particularly high affinity for 294 
high molecular weight (HMW) PAHs, with up to 45% of HMW PAHs being bound in several 295 
road runoff samples (Nielsen et al., 2015). In the current study, approximately 50% of total 296 
PAHs and alkylated PAHs present in the HF-FPW sample were associated with the suspended 297 
load. This finding suggests that our observation of significant organic compounds including 298 
PAHs bound to the iron oxide particles and coatings in the HF-FPW sediment is not entirely 299 
unexpected. Further work is needed to quantify the loading of PAHs on HF-FPW sediment and 300 
their potential to desorb and remobilize.   301 
 302 
3.3. Untargeted trace organics analysis  303 
Fig. 2 demonstrates the range of polar organic substances that were observed in the current 304 
sample by the untargeted HPLC-Orbitrap MS method. A chromatogram is presented in three-305 
dimensions to illustrate the most prominent analyte peaks. Among these, a series of polyethylene 306 
glycol (PEGs, H-(OC2H4)n-OH) surfactants were detected (Fig. 2A, shaded region), consistent 307 
with the chemicals previously reported by Thurman et al. (2016) in HF-FPW samples from the 308 
United States. The PEG surfactants are polymers of ethylene oxide (EO) units, and those 309 
identified here included PEG-EO4 to PEG-EO13 (i.e. n = 4-13), also similar to the results of 310 
Thurman et al. (2016). Here all the PEG-EOn species were confirmed by accurate masses of the 311 
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protonated or ammonium adducted ions, as well as by diagnostic fragmentation in MS/MS 312 
experiments.  313 
However, PEGs were not the only important features in the chromatogram of the current 314 
sample. The overall complexity of the current HF-FPW sample is evident from Kendrick plotting 315 
(Fig. 2B). Each point in the Kendrick plot corresponds to a distinct chemical species (Fig. S2), 316 
whose molecular formula (but not structure) is known from exact mass (~2 ppm by the current 317 
method) and isotopic signatures.  318 
The dominant chromatographic peak eluting at 35.24 min, shown in an extracted ion 319 
chromatogram as compound #3 (Fig. 2C), was chosen for further characterization. The focus on 320 
this chemical was, in part, because analytes eluting late by the current method are relatively 321 
hydrophobic and may accumulate in aquatic organisms. First, the empirical formula for this peak 322 
was assigned as C42H63PO4 based on accurate mass ([M+H]
+ at m/z 663.4545, with mass 323 
accuracy of 0.2 ppm) and an exact mass molecular ion isotopic pattern matching the theoretical 324 
pattern of 100([M+H]+):45([M+H+1]+):10([M+H+2]+).  Second, the current HPLC-Orbitrap 325 
method allows MS/MS experiments on isolated ions, which can assist in structural elucidation. 326 
Here, the MS/MS spectrum of compound #3 was furthermore diagnostic, showing consecutive 327 
loss of C4H8 at low collision energy (CID and HCD modes) and further loss of phenyl groups 328 
from a phosphate core at higher collision energy (HCD mode) (Fig. S3). This allowed a general 329 
structure to be confidently proposed as an alkyl substituted tri-dibutylphenyl phosphate ester. 330 
This was later confirmed with an authentic standard as tris(2,4-di-tert-butylphenyl) phosphate 331 
(structure shown in Fig. 2).  Alkyl phosphate esters were previously reported in HF-FPW 332 
samples (USEPA, 2015), but no aryl phosphate esters have been previously reported to our 333 
knowledge. 334 
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This phosphate chemical is not listed on Canada’s Domestic Substance List (DSL), 335 
however a corresponding tris(2,4-di-tert-butylphenyl) phosphite (C42H63PO3) is a common 336 
polymer antioxidant on the DSL and would yield the detected phosphate upon oxidation. In a 337 
recent report, single-use bioprocess containers impregnated with this phosphite were shown to 338 
leach a cytotoxic phosphate degradation product (bis(2,4-di-tert-butylphenyl) phosphate) upon 339 
gamma irradiation (Hammond et al., 2015). This same toxic product was also confirmed here in 340 
the HF-FPW sample (Fig. 2C, compound #2) at 25.12 min (m/z = 475.2971,[M+H]+) by MS/MS 341 
and with an authentic standard.   342 
A related organic phosphate (Fig. 2C, compound #1) was also identified at a retention 343 
time of 21.30 min. This was initially identified as C18H15PO4 by accurate mass ([M+H]
+ at m/z 344 
327.0781 with <3 ppm error) and fragmentations in MS/MS experiments showed consecutive 345 
losses of phenyl moieties from a phosphate core. It was later confirmed with authentic standard 346 
as triphenyl phosphate (Fig. 2C).   347 
Triphenyl phosphate is a known flame-retardant used as a polymer additive, but also is 348 
used in fire-resistant hydraulic fluids and in lubricants. Most aryl phosphates are readily 349 
biodegradable and will partition to organic sediments and solids, but they also have moderate 350 
bioconcentration potentials in fish (UKEA, 2009). Isales et al. (2015) recently described the 351 
aquatic toxicity of triphenyl phosphate (compound #1) which is capable of developmental 352 
toxicity through the retinoic acid receptor, producing effects in zebrafish that are similar to 353 
dioxin-like cardiac effects. The reason for the presence of triphenyl phosphate in the current HF-354 
FPW is unclear.  It may be an impurity in formulations of compound #3. 355 
 356 
3.4. PAHs analyses  357 
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PAHs and other natural hydrocarbons have previously been characterized in formation water and 358 
flowback water by two-dimensional GC-MS (Orem et al., 2014). We also found evidence for 359 
parent PAHs and various alkyl PAHs in the current sample, with a significant fraction 360 
(approximately 50%) adsorbed to the particle fraction (Fig. 3 and Table S3). The total PAHs and 361 
alkylated PAHs in HF-FPW-SF were 520 and 1159 ng/L, while there were approximately double 362 
amounts of total PAHs and alkylated PAHs in HF-FPW-S (977 and 2058 ng/L).    363 
 364 
3.5. Acute toxicity test  365 
HF-FPW displayed acute toxicity to zebrafish embryo development.  Fig. 4A illustrates the acute 366 
toxicity data of HF-FPWs derived from this study. For embryos exposed to HF-FPWs from 24 to 367 
96 hours post fertilization (hpf), the LC50 values for HF-FPW-activated charcoal treated 368 
subsample (HF-FPW-AC), HF-FPW-sediment free subsample (HF-FPW-SF) and HF-FPW raw 369 
sample (HF-FPW-S) were similar. However, for the embryos exposed to HF-FPWs from 1 to 96 370 
hpf, the LC50 values for HF-FPW-S was significantly lower than that of HF-FPW-SF, and both 371 
LC50 values of HF-FPW-S and HF-FPW-SF were significantly lower than that of HF-FPW-AC, 372 
indicating a stronger lethal effect on zebrafish embryos as result of organic fraction exposure in 373 
the first 24 h. 374 
These results demonstrate that exposure to HF-FPW starting from 1 hpf had a greater 375 
lethal effect on zebrafish embryos in both HF-FPW-SF and HF-FPW-S compared to those 376 
exposed from 24 hpf onwards, suggesting that the early stage of embryo development is most 377 
vulnerable to HF-FPW exposure, probably due to the combined effects posed by salinity and 378 
organics from HF-FPW.  For the exposure group from 1 to 96 hpf, exposure to HF-FPW-S, 379 
which also contained suspended solids, resulted in significantly higher lethality compared to 380 
 18 
those exposures which were sediment free (HF-FPW-SF).  This toxicity difference may be due to 381 
concentrations of pollutants being markedly higher in HF-FPW-S than in HF-FPW-SF with total 382 
PAHs and alkylated PAHs in HF-FPW-S being 2058 ng/L compared to 1159 ng/L in HF-FPW-383 
SF. A second possible explanation is the adsorption and aggregation of suspended particles onto 384 
embryo surfaces.  A large fraction of measured contaminant load in HF-FPW (e.g., PAHs) is 385 
adsorbed by the suspended solids. It is possible these solids may then be acting as delivery 386 
vehicle for contaminants to the surface of the embryo. Given our demonstration that these 387 
particles tend to aggregate and adhere to the surface of chorion (Fig. 4D), this likely enhances 388 
exposure resulting in higher noted mortality. 389 
Embryos exposed to HF-FPW from 24 to 96 hpf demonstrated significantly higher LC50 390 
values compared to those from 1 to 96 hpf (Fig. 4A), demonstrating the acute lethal toxic effects 391 
of HF-FPWs were less if they were not exposed to the embryo during the very early stages of 392 
development.  In addition, based on the LC50 values for the embryos exposure from 24 to 96 393 
hpf, exposure to HF-FPW-S also caused a high acute lethal toxicity compared to HF-FPW-SF. 394 
We used activated charcoal treated (HF-FPW-AC) as a salt loading control since this treatment 395 
has been demonstrated to remove most of the organic contaminants and heavy metals, leaving 396 
behind the bulk salinity which is primarily sodium and chloride (Table 1, Table S1, S2) (He et al., 397 
2012). Since the results in the 24-96 hpf exposures (HF-FPW-S, HF-FPW-SF) were not 398 
statistically different from the HF-FPW-AC, this suggests that salinity is the pre-dominant 399 
toxicological driver 24 hpf. The complexity of HF-FPW, which contains high salinity, is likely 400 
masking other toxicological effects and makes the determination of potential hazards posed by 401 
HF-FPW challenging. 402 
 403 
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3.6. Embryonic EROD assay  404 
Biotransformation enzyme activities, such as Cytochrome P450 1A (CYP1A), have been widely 405 
used as biomarkers for organic contaminant exposure (Whyte et al., 2000).  A non-destructive 406 
EROD assay was modified and optimized from a previous study (Noury et al., 2006).  BaP, as a 407 
prototype and well documented PAH, was applied as positive control and in toxic equivalency 408 
calculation (Nisbet and LaGoy, 1992; ATSDR, 1995). In the current study, exposure of only 409 
1.25% and 2.5% dilutions of HF-FPW-S and HF-FPW-SF resulted in significant induction of 410 
EROD activity in zebrafish embryo. Compared to the control group, exposure to HF-FPW-S 411 
diluted to 1.25% and 2.5% were equivalent to 203 ± 26 and 393 ± 27 ng/L of BaP, respectively. 412 
Exposure of HF-FPW-AC did not cause significant effects on EROD activity in zebrafish 413 
embryo. Detailed information is provided in SI. (Fig. S4). 414 
The experiment where we co-exposed BaP and HF-FPWs was designed specifically to 415 
investigate PAH-derived induction of EROD activity and also to detect the potential for 416 
interaction between different components present in HF-FPW.  Traditionally, a synergistic or 417 
potentiating effect is defined as the interaction between two well defined chemical signatures. 418 
Given the complexity of HF-FPW, a classical demonstration of synergism would not be possible. 419 
However, if we view a complex mixture as a single contaminant, then the interaction between a 420 
model chemical (e.g BaP) and a complex mixture of contaminants can be used to predict 421 
synergism or potentiation. This concurrent exposure method has been applied to various 422 
environmental mixtures (Björkblom et al., 2008; He et al., 2011; Adebambo et al., 2015).  In this 423 
study, a low range of BaP concentrations (from 0 to 1000 ng/L) were co-exposed with 2.5% of 424 
HF-FPW-AC, HF-FPW-SF, and HF-FPW-S, respectively, and in parallel, a low range exposure 425 
for BaP standard curve (0 to 1000 ng/L) was also conducted (Fig. 4B, Fig. S5).  Co-exposure of 426 
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2.5% HF-FPW-S resulted in higher induction of EROD activity compared to all other co-427 
exposure and BaP alone groups at all levels of BaP concentrations.  Co-exposure of 2.5% HF-428 
FPW-SF resulted in higher induction of EROD activity compared to BaP control groups at all 429 
levels of BaP concentrations, and higher induction of EROD activity compared to co-exposure of 430 
2.5% HF-FPW-AC at BaP concentrations of 0, 10, 250, 500, and 1000 ng/L (Fig. 4B). The 431 
potential synergistic/additive effects of co-exposure of BaP and HF-FPWs on EROD induction 432 
(equivalency; Eq), was calculated based on the following equation:   433 
Eqsynergism [HF-FPW×BaP(n)] = Eq[HF-FPW+BaP(n)] - Eq[HF-FPW] – Eq[BaP(n)] 434 
where Eq is the BaP equivalency (ng/L); HF-FPW is the exposed 2.5% of HF-435 
FPW-AC, HF-FPW-SF or HF-FPW-S; BaP(n) is the co-exposed BaP with 436 
concentration of n; × represents the interaction between HF-FPW and BaP; + 437 
represents the co-exposure experiment of HF-FPW and BaP. 438 
Eqsynergism values from co-exposure of 2.5% HF-FPW-S with 100, 250, 500, and 1,000 ng/L of 439 
BaP were 428 ± 87, 858 ± 116, 1017 ± 147, and 1264 ± 220 ng/L, respectively, which were 440 
significantly higher than those of 2.5% HF-FPW-SF and 2.5% HF-FPW-AC co-exposure groups.   441 
Co-exposure of 2.5% HF-FPW-SF with BaP also showed general trends toward higher levels of 442 
Eqsynergism values compared to 2.5% HF-FPW-AC groups, with significantly higher Eqsynergism 443 
values in co-exposure groups of 500 and 1000 ng/L of BaP (257 ± 85, and 483 ± 133 ng/L, 444 
respectively) (Fig. 4C).    445 
Our results strongly suggest that the presence of organic contaminants, especially 446 
polycyclic aromatic hydrocarbons (PAHs) in HF-FPW, may be the major contributor of EROD 447 
induction.  PAHs are a group of chemicals that are formed naturally or anthropogenically during 448 
the incomplete combustion of organic substances, including coal, oil gas, wood, garbage, 449 
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tobacco, etc. (ATSDR, 1995). PAHs are carcinogens and usually highly concentrated in polluted 450 
sediments and organic matter due to high lipophilicity (ATSDR, 1995; Hylland, 2006).. EROD 451 
activity, which is a catalytic measurement of cytochrome p4501A induction, is a widely 452 
used biomarker in fish bioassays for the exposure of aryl hydrocarbon receptor agonists, 453 
including dioxins, polychlorinated biphenyls (PCBs) and PAHs (Whyte et al., 2000).  In the 454 
current study, the HF-FPW-S sample contained approximately 2 times more total PAHs and 455 
alkylated PAHs than the HF-FPW-SF sample, consistent to the fact that the HF-FPW-S resulted 456 
in stronger effect on EROD induction than HF-FPW-SF. Total PAHs in the HF-FPW-AC was 457 
below the detection limit, consistent to the fact that HF-FPW-AC did not have any observable 458 
effect on EROD activity in zebrafish embryos.  459 
The EROD induction levels caused by exposure to HF-FPWs are explainable by the total 460 
amounts of PAHs and alkylated PAHs present in the HF-FPWs. Exposure to 2.5% HF-FPW-S 461 
resulted in 2.05 ± 0.13 -fold induction of EROD activity, equivalent to 393 ± 27 ng/L of BaP.  462 
Therefore, full-strength HF-FPW-S would have a total PAHs level equivalent to 15,720 ng/L of 463 
BaP. However, total PAHs and alkylated PAHs in the HF-FPW-S sample was measured to be 464 
only ~ 2000 ng/L. A possible explanation for this discrepancy is the presence of unknown 465 
chemical(s) in HF-FPWs which is(are) strong AhR agonist(s) and EROD inducer(s).  Some 466 
environmental contaminants, such as PCBs and dioxin-like compounds, can induce EROD 467 
activity both in vitro and in vivo (Tillitt et al., 1991; Whyte et al., 2000). A second reason for the 468 
noted discrepancy in BaP equivalency is that a linear relationship has been applied close to the 469 
detection limit. There was a chance that in the lower region of the curve, the regression is non-470 
linear, thus overestimating BaP equivalency. Future study is needed to confirm whether other 471 
contaminants with agonistic effects on EROD are present in HF-FPWs.  However, the most 472 
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likely explanation is that EROD agonistic contaminants such as PAHs act together with the 473 
sediment fraction resulting in synergistic induction of EROD activity when compared to the 474 
equivalent amount of PAHs alone.  This is supported by the co-exposure experiment (Fig. 4C) 475 
where EROD induction was equivalent to 1,080 ± 200 ng/L BaP in the co-exposure group of 476 
2.5% HF-FPW-S and 1,000 ng/L BaP, neither of which cannot be accounted for by either the 477 
exposure of 2.5% HF-FPW-S or 1,000 ng/L BaP alone.  We also present evidence that 478 
uncharacterized material was observed to accumulate on the surface, particularly near the gill 479 
bud region (Fig. 4D V).  Cationic polymers are known to be present HF-FPW and bind to gill 480 
surface (Kerr et al., 2014) and these might act as a sorbent/delivery vehicle for sediment 481 
associated PAHs, enhancing the exposure to these contaminants and resulting in a synergistic 482 
effect on EROD activity induction. 483 
 484 
4. Conclusions 485 
In this study, we characterized the chemical and toxicological signatures of a real HF-FPW 486 
sample from the Devonian-aged Duvernay Formation, Alberta, Canada. Our study demonstrates 487 
that HF-FPW is a highly complex mixture with numerous anthropogenic and naturally occurred 488 
inorganic and organic contaminants. As suggested here for the conversion of organic phosphates, 489 
the possibility that chemical ingredients in HF fluids may be transformed during down-hole 490 
reactions must also be considered. Exposure to HF-FPW can induce acute toxicity in zebrafish 491 
embryos.  Removal of suspended solids, which reduces the total organic contaminant level by 492 
approximately 50%, is able to partially mitigate the acute lethal toxicity of HF-FPW. However, 493 
the acute toxicity is complicated by a dominant toxicity effect of the high salinity derived from 494 
interactions of HF fluid with the target formation during fracturing. Exposure to HF-FPW can 495 
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also induce EROD activity in zebrafish embryos.  The potential synergistic effect on induction of 496 
EROD activity suggests the presence of interactions among the contaminants in HF-FPW and 497 
therefore standard chemical risk analysis may be significantly more complex than current 498 
protocols for risk management. Extensive future studies are required to further characterize this 499 
complex mixture and further link the chemistry to the measured toxicity (eg. the toxicity and 500 
mechanism(s) of the organic fractions of HF-FPW). Ultimately, the goal is to develop proper risk 501 
assessment protocols for surficial spills, to inform various stakeholders on required mitigation 502 
and hazard assessment protocols, and to inform producers thereby allowing them to undertake 503 
mitigation efforts to reduce the environmental impacts of HF-FPW spills. 504 
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Table 1. Selected physiochemical and elemental parameters of the tested HF-FPW sample. 686 
 687 
7-day HF-FPW Sample (pH = 4.78)  
Parameters Method Mean Conc. (mg/L) % Deviation  







Na ICP-MS/MS 70,000 6.7 
Ca ICP-MS/MS 11,800 2.2 
K ICP-MS/MS 2,570 6.1 
Cl IC  136,000 8.4 




No color should be used for any figures in print.  690 
 691 
 692 
Fig. 1. A) SEM image of HF-FPW sediments and solids showing a variety of morphologies. B) 693 
A higher magnification SEM image showing spherical particles. C) EDX profiles of spherical 694 
particles with the grey block representing the exterior of a sphere found in Panel A marked with 695 
plaid square and the white blocks from the interior of a sphere marked with strip square in Panel 696 
B.  697 
 698 
699 
Commented [sf2]: The labels are switched in the EDX 
elemental analysis plot Fig 1 C. The carbon should higher in 






Fig. 2. Untargeted analysis of HF-FPW sample by HPLC-Orbitrap MS. (A) Major species in a 3-703 
dimensional view of retention time, m/z, and intensity, (B) each detectable species with a distinct 704 
empirical chemical formula plotted by Kendrick mass and Kendrick mass defect (Kendrick Plot), 705 
(C) an extracted ion chromatogram of three confirmed phosphate species (CxHyPO4). The 706 
molecular formulas of phosphates (#1:triphenyl phosphate; #2: bis (2,4-di-tert-butylphenyl) 707 
phosphate and #3: tris (2,4-di-tert-butylphenyl) phosphate.  Example MS/MS spectra for 708 
compounds #2 and #3 are shown in SI (Fig. S3).  709 
 710 




Fig. 3. Parent PAHs, alkyl PAHs, dibenzothiophene (DBT) and retene in raw (HF-FPW-S) and 714 
sediment-free (HF-FPW-SF) samples. 715 
 716 
  717 
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 718 
Fig. 4. Exposure to HF-FPW resulted in adverse effects on zebrafish embryo/larvae. AC 719 
represents HF-FPW-AC.  SF represents HF-FPW-SF.  S represents HF-FPW-S.  A) Mortality of 720 
zebrafish embryo exposed to HF-FPWs from 1 to 96 hpf (n=6), and from 24 to 96 hpf.  B) 721 
EROD activity induced by co-exposure of HF-FPW in zebrafish embryos.  Different letters 722 
represent statistical differences within the co-exposure groups with the same BaP concentration. 723 
C) The synergistic inducing levels of EROD activity resulted from co-exposure of HF-FPWs in 724 
zebrafish embryos.  * represents the significant differences of synergistic inducing level of 725 
EROD between HF-FPW-S co-exposure group and HF-FPW-AC co-exposure group (*** 726 
ρ<0.001, ** ρ <0.01, * ρ <0.05).  * represents the significant differences of synergistic inducing 727 
level of EROD between HF-FPW-S co-exposure group and HF-FPW-SF co-exposure group (**ρ 728 
<0.01, * ρ <0.05). * represents the significant differences of synergistic inducing level of EROD 729 
between HF-FPW-SF co-exposure group and HF-FPW-AC co-exposure group (ρ <0.01, ρ 730 
<0.05). D) Suspended solids in HF-FPWs aggregated and adhered on the surface of embryo 731 
chorion. Pictures (×40) were taken at 48 hpf after 24 h exposure of HF-FPWs.  I represents the 732 
embryo in control group.  II represents the embryo in 2.5% of HF-FPW-AC group.  III represents 733 
the embryo in 2.5% of HF-FPW-SF group.  IV represents the embryo in 2.5% of HF-FPW-S 734 
group. V represents unidentified material(s) aggregated on body surface of larvae.  Arrow points 735 




SUPPORTING INFORMATION 739 
 740 
1. Materials and methods 741 
1.1. Chemicals  742 
Benzo[a]Pyrene (BaP, CAS No. 50-32-8), triphenyl phosphate,  diphenyl phosphate, bis(2,4-di-743 
tert-butylphenyl) phosphate, tris(2,4-di-tert-butylphenyl) phosphate were purchased from Sigma-744 
Aldrich (Ontario, Canada).  Tris(2,4-ditert-butylphenyl) phosphite was purchased from Toronto 745 
Research Chemicals (Ontario, Canada). 7-Ethoxyresorufin (7-ER, CAS No. 5725-91-7) was 746 
purchased from Cayman Chemical (Michigan, USA). Twenty-three parent PAHs standards 747 
(unlabelled) and 16 internal standards (deuterium-labelled) were purchased from Wellington 748 
Lab, 15 alkyl PAHs standards were purchased from Norway Chiron, and retene standards was 749 
purchased from ChemService in 2013.   750 
 751 
1.2. Dilution water 752 
Dilution water was prepared with nano-pure water (generated by PURELAB Flex, ELGA 753 
LabWater) and reagent grade salts according to the guidelines of preparation of moderately hard 754 
water by US EPA, which was prepared in 20 L batches containing 1.92 g of NaHCO3, 1.2 g of 755 
CaSO4·2H2O, 1.2 g of MgSO4, and 0.08 g of KCl.  The resulting dilution water was kept at 25±1 756 
°C and aerated prior to use.  BaP and 7-ER were dissolved in absolute ethanol, and then added to 757 
dilution water for exposure. The solvent concentration never exceeded 0.05% (v/v) during the 758 
entire experiment. 759 
 760 
1.3 Zebrafish husbandry 761 
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Adult zebrafish were cultured under standardized conditions in the aquatic facility in the 762 
Department of Biological Sciences, University of Alberta and all experiments conducted under 763 
University of Alberta animal use protocol 00001334.  Embryos were obtained from matured fish 764 
bred from two male and one female fish, placed separately in a breeding aquarium.  Fertilized 765 
embryos from six to eight breeding aquaria were collected, rinsed and pooled for further 766 
experiments.  For the exposure using 1 h post fertilization (hpf) embryos, the embryos were 767 
randomly selected and placed into exposure chambers immediately.  For the exposure using 24 768 
hpf embryos, the embryos were placed in petri dish (around 100 embryos per plate) containing 769 
15 mL of dilution water.  Any undeveloped embryos were removed during the following 24 770 
hours.  After that, the developing embryos were randomly selected and placed into exposure 771 
chambers to initiate the exposure at 25±1 °C under 16h/8h light/dark cycle. 772 
 773 
1.4. Ion Chromatography 774 
HF-FPW samples for anion (Br-, Cl-, SO4
-2) analysis were first filtered through a 0.2 µm nylon 775 
membrane and then analyzed at the University of Alberta Natural Resources Analytical Lab 776 
(NRAL) using a Dionex Ion chromatography DX 600 with 4mm analytical column AS9-HC, 777 
guard column AG9-HC, and a 4 mm ASRS Ultra suppressor.  778 
 779 
1.5. Total Organic Carbon and Total Nitrogen  780 
Samples for total organic carbon (TOC) and total nitrogen (TN) analysis were prefiltered using a 781 
0.2 µm nylon membrane before being analyzed. Analysis was performed at the NRAL using a 782 
Shimadzu TOC-V CHS/CSN Model TOC Analyzer. TOC was measured as non-purgeable 783 
organic carbon.  784 
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 785 
1.6. Inductively Coupled Plasma-Mass Spectroscopy 786 
HF-FPW samples for dissolved metal analysis were first passed through a 0.2 µm nylon 787 
membrane for the removal of solids. The HF-FPW sample were then diluted using 2% trace 788 
metal grade nitric acid and 0.5% trace metal grade hydrochloric acid prepared with 18MΩ 789 
ultrapure water. A table of dilutions used for each element can be found in Table S1. All analysis 790 
for cations and Br were performed using an Agilent 8800 Triple Quadrupole ICP-MS (ICP-791 
MS/MS) at an RF power of 1550 W and a RF reflected power of 18 W. The ICP-MS/MS was 792 
operated with a microMist nebulizer and nickel/copper cones. Several unique features of the 793 
ICP-MS/MS were utilized during analysis including high matrix mode with 8 mL/min argon 794 
dilution, MS/MS mode for greater mass resolution and the collision/reaction cell with He gas. 795 
Due to the complex nature of the brine a standard addition method was used for the 796 
determination of all metals and to match matrix of HF-FPW. The elemental analyses for each 797 
element from three runs were completed to determine the error in measurement. Full operating 798 
conditions for each analysis run can be found in Table S2.  799 
 800 
2. Results and discussion 801 
2.1. Inorganic analysis  802 
The pH of the 7 day HF-FPW sample was measured to be 4.78 and the TDS determined through 803 
evaporation was found to be 242,624 3mg/L ± 0.54%. The SS were found to be 22.549.1 mg/L 804 
±5.0% and the TS were found to be 403 mg/L ±13%. 805 
 806 
2.2. Ion Chromatography 807 
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Ion chromatography (IC) was used to determine the chloride (Cl-), bromide (Br-), and sulfate 808 
(SO4
-2) concentrations. Chloride was measured to be 136,000 mg/L which is approximately 56% 809 
of the total TDS and the primary anion of the HF-FPW sample. The bromide and sulfate were 810 
measured to be 247 mg/L and 48.7 mg/L, respectively. Full results of elemental analysis can be 811 
found in Table S1. 812 
 813 
2.3. Total Organic Carbon and Nitrogen  814 
The total organic carbon (TOC) of the HF-FPW sample was measured to be 212 mg/L or 815 
approximately 0.087% of the total TDS. This measurement only quantifies the dissolved organic 816 
carbon molecules, additionally organics maybe associated with solid phases. TOC measurements 817 
may have been low as a thinly film was observed on the surface of the bulk HF-FPW sample as 818 
delivered from the field. It is possible that the sampling probe was below the surface of this film 819 
and therefore missed an immiscible fraction of the TOC associated with the sample. The total 820 
nitrogen (TN) was found to be 498 mg/L or 0.21% of the total TDS of the HF-FPW sample.  821 
 822 
2.4. ICP-MS/MS  823 
An ICP-MS/MS (Agilent 8800) was used to measure the concentration of 14 elements (Table 824 
S1).  In all cases the deviation in replicate analysis was under 10%. The cation with the greatest 825 
concentration was found to be Na which found to be 70,000 mg/L or 28.8% of the total TDS of 826 
the sample. Only Ca and K were also found to make up more than 1% of the TDS, 11,800 mg/L 827 
and 4.85%, and 2,570 mg/L and 1.05%, respectively. Other major cations (operationally defined 828 
as >100 mg/L here) included Mg and Sr; a complete table of the elements and their 829 
concentrations can be found in Table S1. 830 
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Thirteen of the elements measured by ICP-MS/MS were cations, with bromide being the sole 831 
anion. The bromide concentration measure by ICP-MS/MS was measured to be 276 mg/L, a 832 
value about 10% greater than the concentration measured by IC.In all 223,960 mg/L of the total 833 
242,624 mg/L TDS have been accounted for or 92.3%, well within 10% of the total TDS. Since 834 
only TOC was measured, a portion of the missing TDS is likely comprised of additional 835 
elements including, H, O, and P which would be components of the larger organic molecules to 836 
which the TOC belongs. A charge balance of the solution is shown in Table S2. There was found 837 
to be a total of 3825.8 meq of cations and -3836.7 meq of anions, a difference of -11 meq or only 838 
0.28% deviation between the cations and anions, indicating that the charged species in solution 839 
are well characterized. 840 
 841 
2.5. SEM/EDX analysis  842 
Fig. S1 shows three additional types of particles found in HF-FPW suspended solids with 843 
differing morphologies and compositions, and which make up a smaller overall fraction of the 844 
suspended solids mass. Fig. 4A depicts a barium/strontium sulfate crystal with a radial, needle-845 
like morphology. The carbon in the EDX elemental analysis is likely from the carbon sputter 846 
coat. The next most abundant elements were oxygen (41%, ±1.3), sulfur (8.7%, ±0.04), barium 847 
(6.2%, ±0.06) and strontium (2.3%, ±0.008). The molar percentages are close to the 848 
stoichiometry for Ba/SrSO4, strongly suggesting that this phase is indeed barium/strontium 849 
sulfate. Fig. 4C. shows a silicate particle which is mainly composed of oxygen (29.7%, ±1.9), 850 
silica (6.7%, ±0.23), and sodium (2.5%, ±0.03), with lesser amounts (<1%, ±0.002) of calcium, 851 
potassium, iron, magnesium, and aluminum. Fig. 4E shows an aluminosilicate with an elemental 852 
composition of 47.2% (±2.6) oxygen, 13.3% (±0.12) silica, 5.0% (±0.02) aluminum, 3.7% 853 
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(±0.01) potassium, and trace iron and magnesium. These particles are found to a lesser extent 854 
than the amorphous iron precipitates and spheres coated with precipitate, and could have two 855 
sources: sand used as the proppant during the hydraulic fracturing, or particles broken free from 856 
the fractured formation in the subsurface which were transported to the surface with the HF-857 
FPW. Further work is required to determine the origins of these three particle types and the 858 




Table S1. Elemental analysis of HF-FPW sample 862 









Na 23 ICP-MS/MS 70,000 6.7  
Li 7 ICP-MS/MS 54.6 4.0  
Mg 24,25 ICP-MS/MS 111 2.0  
Ca 44 ICP-MS/MS 11,800 2.2  
Sr 88 ICP-MS/MS 1,470 2.3  
K 39 ICP-MS/MS 2,570 6.1  
B 10 ICP-MS/MS 71.6 5.8  
Fe  56 ICP-MS/MS 43.1 3.8 0.3# 
Zn 64,66,68 ICP-MS/MS 4.41 3.9 5.0# 
Pb 206, 207,208 ICP-MS/MS 0.05 3.6 0.015 
Ba  137 ICP-MS/MS 5.85 3.2 2.0 
Mn 55 ICP-MS/MS 15.8 5.6 0.05# 
Th 205 ICP-MS/MS 0.152 0.7 0.002 
Cl   IC  136,000 8.4 1.0# 
Br 79 IC and ICP-MS/MS 276 5.9  
SO4   IC 4.8 6.0 250# 
TN   TC/TN Analyzer 498 0.92  
TC   TC/TN Analyzer 211 1.9  
*deviation calculated from three sample replicate runs on ICP-MS/MS 863 























+As the HF-FPW sample was stored in with headspace and repeatedly exposed to the atmosphere 868 
all iron was assumed to be oxidized and to be Fe3+.  869 
#The most common boron species under HF-FPW sample condition would be H2BO3
-. 870 
  871 
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Table S3. Analyses of PAHs and alkylated PAHs in HF-FPW-S and HF-FPW-SF. 872 
Concentration (ng/L) 
Species HF-FPW-S HF-FPW-SF 
Naphthalene* 42.8 56.3 
Acenaphthlene* 5.5 13.7 
Acenaphthene* 11.1 28.0 
Fluorene* 294.4 545.3 
Phenanthrene* 79.2 145.3 
Anthracene* 22.6 50.7 
Fluoranthene* 4.0 9.6 
Pyrene* 16.9 37.3 
Benz[a]anthracene* 10.2 15.9 
Chrysene* 22.5 50.2 
Benzo[b]fluoranthene* 4.7 10.3 
Benzo[k+j]fluoranthene* 1.1 3.5 
Benzo[a]pyrene* 5.8 11.2 
Indeno[1,2,3-cd]pyrene* ND ND 
Benzo[g,h,i]perylene* ND ND 
Dibenz[a,h]anthracene* ND ND 
Dibenzothiophene 10.9 23.7 
Retene** 22.3 33.6 
1-Methylnaphthalene** 52.3 111.1 
1-Methylfluorene** 131.3 297.2 
1-Methylphenanthrene** 170.2 233.6 
3,6-Dimethylephenanthrene** 224.5 333.8 
1-Methylpyrene** 26.8 47.7 
Total PAHs (EPA 16 PAHs) 520 977 
Total PAHs (with alkylated) 1159 2058 
*USEPA 16 PAHs. **Alkylated PAHs. 873 
874 
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   875 
Fig. S1. SEM images and corresponding EDX-determined elemental compositions for secondary 876 
particle morphologies found in the HF-FPW sample. A. Ba/Sr sulfate particle and B. 877 
corresponding EDX for spot 3. C. Silicate particle and D. corresponding EDX for spot 10. E. An 878 
















Fig. S2. Kendrick mass defect in range of 0.05-0.1 and points having same defect in the 884 
Kendrick plot potentially corresponding to a distinct chemical species with possible formula, but 885 
not structure. 886 
 887 



































Fig. S4.  A) EROD activity in zebrafish embryo exposed to 1.25% and 2.5% dilutions of HF-921 
FPWs (n=6). Different letters represent significantly different among the entire groups of 922 
exposure.  AC represents HF-FPW-AC.  SF represents HF-FPW-SF.  S represents HF-FPW-S. 923 
B) The standard curve of fold change of EROD activity relative to control group vs. BaP 924 
concentrations ranging from 0 to 10,000 ng/L (n=6). 925 







Fig. S5.  The standard curve of fold change of EROD activity relative to control group vs. BaP 930 
concentrations ranging from 0 to 1,000 ng/L (n=6).  This low range standard curve was 931 
generated from the exposure conducted at the same time with co-exposure of HF-FPWs. 932 
 933 
 
 
 
